Abstract. Drug resistance is a major cause of chemotherapy failure in breast cancer patients with metastatic disease. We previously demonstrated that autocrine human growth hormone (hgH) plays a key role in oncogenic transformation and progression of mammary carcinoma. the present study investigated the role of autocrine hgH in the development of resistance to mitomycin c (MMc), an alkylating agent utilised in the treatment of advanced metastatic breast cancer. stable forced expression of the hGH gene was established in the mammary carcinoma cell lines MDA-MB-231, McF-7 and t47D. Autocrine hgH reduced the sensitivity of mammary carcinoma cells to MMc in cell viability assays and reduced MMc-induced apoptotic cell death when compared to a control cell line. In addition, autocrine hgH enhanced MDA-MB-231 clonogenic survival, anchorage independent cell growth, growth in 3D Matrigel and protected MDA-MB-231 cells from induction of DnA double-strand breaks following MMc treatment. Functional antagonism of hgH in the endometrial carcinoma cell line rl95-2, which endogenously expresses hGH, significantly increased the sensitivity of these cells to MMc-induced DnA damage and cell death. thus, autocrine hgH promotes mammary and endometrial carcinoma cell resistance to MMc. these studies indicate a potential role for antagonism of autocrine hgH in chemoresistant breast cancer.
Introduction
For patients with advanced metastatic breast cancer (MBc) treatment options are limited, as by this stage of the disease most patients are heavily pre-treated and resistant to commonly used chemotherapeutic agents. therefore, the development of an effective chemotherapy regime for patients with MBc has become a clinical research focus. the alkylating agent mitomycin c (MMc) is a broad-spectrum chemotherapeutic which is able to inhibit tumour growth through promoting crosslinks between complementary strands of the DnA double helix resulting in DnA damage. this form of DnA lesion is so lethal that a single crosslink per genome is enough to cause bacterial cell death and 40 crosslinks are sufficient to kill a mammalian cell (1, 2) . In its natural form MMc does not react with DnA, but is converted to an active form through reductive activation (3) . tumours provide a reasonably selective environment for MMc activation as both low pH and low oxygen stimulate the activation process (4) . consequently, MMc is selectively toxic for hypoxic solid tumours and suppresses their growth; this is referred to as cytostatic therapy (4, 5) .
Bulky interstrand crosslinks (Icls) constitute 5-13% of the DnA adducts induced by MMc exposure (2) . similar to many other alkylating agents, MMc can cause a variety of DnA damage, such as double-strand breaks (DsBs), but Icls are the major determinant of the lethality of these agents. However, it is widely accepted that DnA DsBs are formed as intermediates in the process of Icl repair (6, 7) . Additional factors such as cellular uptake and metabolite activation also play a role in MMC efficacy. MMC is activated through cycles of reduction, which generates a number of reactive oxygen species (ros), which can lead to additional DnA damage (8) . the DnA lesions caused by MMc can lead to a number of outcomes such as selective inhibition of DnA synthesis and signal transduction, and ultimately apoptosis (8) .
MMc is used clinically to treat a variety of solid tumours including that of the breast, the bladder and the upper gastrointestinal tract (9) . MMc is administered to breast cancer patients intravenously and is used in combination with other chemotherapeutics and/or radiotherapy (10) . In advanced breast cancer the most efficient use of MMC has been found to be in combination with vinca alkaloid drugs (9) . the 'MV protocol' is frequently utilised as second line salvage therapy for advanced MBc. this involves the administration of MMc and vinca alkaloids, such as vinorelbine and vinblastine, and doses are tailored depending on the toxicities experienced by the patient (11, 12) . MMc and vinca alkaloids have different mechanisms of action and have been found to exhibit antineoplastic synergy in vitro (13 (16) . However, MMc easily induces drug resistance (5) , and its usage is often accompanied by severe side effects such as renal toxicity (6) . the oncogenic potential of autocrine human growth hormone (hgH) in breast cancer has been previously demonstrated (17, 18) . Autocrine hgH has been demonstrated to increase cell proliferation, survival and oncogenicity, and to increase migration and invasion of human mammary and endometrial carcinoma cells (17) (18) (19) (20) (21) (22) (23) . critically, autocrine hgH enhances tumour growth in xenograft models of human mammary (18) and endometrial carcinoma (21) . recent studies have demonstrated that autocrine hgH reduces sensitivity to the chemotherapeutic drugs doxorubicin, daunorubicin and tamoxifen (17, 24, 25) . In the present study, we investigated whether autocrine hgH confers resistance to MMc in mammary and endometrial carcinoma cells in vitro.
Materials and methods
Cell lines and transfection. MDA-MB-231, t47D, McF-7 and rl95-2 cell lines were obtained from the American type culture collection (Atcc). MDA-MB-231, t47D and McF-7 cells were cultured at 37˚C in 5% CO 2 in rpMI (gibco) supplemented with 10% heat-inactivated FBs, 100 u/ml penicillin, 100 µg/ml streptomycin and 2 mM l-glutamine. The RL95-2 wild-type cell line was cultured at 37˚C in 5% co 2 in Advanced DMeM/F-12 (Invitrogen, carlsbad, cA) supplemented with 10% heat-inactivated FBs, 100 u/ml penicillin, 100 µg/ml streptomycin and 2 mM l-glutamine.
MDA-MB-231 and t47D cells were stably transfected with an expression plasmid containing the hGH gene (pcDnA3-hgH) under the control of the cMV promoter (cell lines designated as MDA-hgH and t47D-hgH) using Fugene 6 (MDA-MB-231 cell line) or Fugene HD (t47D cell line) (roche). For control purposes, cells were stably transfected with the empty pcDnA3 vector (cell lines designated as MDA-vec and t47D-vec). stable transfectants were selected using 1200 mg/ml (MDA-MB-231) or 600 mg/ml (t47D) g418 over 21 days. stable transfection of McF-7 cells with pcDnA3-hgH has been described previously (26) . these cells are designated McF7-vec and McF7-hgH.
For the assays investigating the effect of functional inhibition of hGH, B2036 (Pfizer, USA) was added to the medium (1000 nM). Bovine serum albumin (BsA) (sigma Aldrich) was utilised as a protein control at equivalent concentrations.
Semi-quantitative RT-PCR. total rnA was isolated from McF7-vec and McF7-hgH cell lines using trIzol (Invitrogen). semi-quantitative rt-pcr was performed using a onestep rt-pcr kit (Qiagen, Valencia, cA). sequences of the nucleotide primers for rt-pcr were: hgH, 5'-ccgAcAccctcc AAcAgggA-3' and 5'-ccttgtccAtgtccttcctg-3'; hgHr, 5'-ctcAActggActttActgAAcg-3' and 5'-AAtc tttggAActggAActggg-3'; β-actin, 5'-AtgAtAtcg ccgcgctcg-3' and 5'-cgctcggtgAggAtcttcA-3'. Amplified RT-PCR products were visualised on a 1.5% agarose gel.
Western blotting. soluble whole cellular extracts were run on an sDs-pAge and immunoblotted as previously described (27) using a rabbit anti-hgH antibody (national Hormone and peptide program, torrance, cA) and anti-mouse secondary antibody conjugated with horseradish peroxidase (upstate Biotechnology, lake placid, ny). Blots were stripped and reprobed by using a β-actin antibody (santa cruz Biotechnology) as a protein loading control. protein bands were detected using the phototype horseradish peroxidase Western blot detection system (supersignal West Dura extended duration substrate; pierce, rockford, Il).
Wst-1 viability assay. MDA-vec/MDA-hgH cells (5000) or rl95-2 wild-type cells were plated in 96 wells and cultured 24 h prior to treatments. For the MMc dose response curves, cells were treated with 0-40 µM (MDA-vec and MDA-hgH) or 0-5 µM (rl95-2) MMc (in full serum media) for 48 h. cell viability was measured using the Wst-1 reagent (roche). Absorbance was read at 440 and 650 nm.
Total cell number. cells (5x10 4
) were seeded into 6-well plates in monolayers in full serum media. the media was replaced with serum-free media for 24 h, followed by MMc (3 µM) treatment. After 24 h of treatment, the cells were trypsinised with 0.5% trypsin, and the cell number was determined using a haemocytometer.
Apoptosis assay. Apoptotic cell death was measured by fluorescence microscopic analysis of cell DnA staining patterns with Hoechst 33258 as previously described (28) . MDA-vec and MDA-hgH cells or rl95-2 wild-type cells were plated at 2x10 5 cells/well in full serum media in 6-well plates and cultured for 24 h. cells were washed with pBs, and the media replaced with serum-free media. After 1 h, 0.5 µM MMc was added to the media. After 24, 48 or 72 h, the cells were fixed and permeabilised in 4% paraformaldehyde, 1% triton X-100 and stained with 4 µg/ml of the karyophilic dye Hoeschst 33258 in pBs for 15 min at room temperature. cells were washed with pBs, and apoptotic nuclear morphology was determined using an inverted UV fluorescence microscope (olympus). For statistical analysis, at least 200 cells were counted in eight random microscopic fields at x400 magnification.
Cell survival clonogenic assay. exponentially growing MDA-vec and MDA-hgH cells were pre-treated with 0.5 µM MMc for 2 h, replated at 800 cells/well in a 6-well plate and cultured in full serum media for 14 days. colonies were stained with 0.1% crystal violet in 20% ethanol and counted. colonies with >50 cells were counted, and the plating efficiencies (PE) were calculated. pe = (number of colonies formed/number of cells seeded) x100%.
Colony formation in soft agar. A soft agar assay was performed as previously described (18) . Briefly, untreated or MMC-treated (0.5 µM, 24 h) MDA-vec and MDA-hgH cells were suspended in 0.35% agarose (in 10% serum media) and plated in 6-well plates (5000 cells/well). After 14 days in culture, the colonies were stained with crystal violet and counted.
3D Matrigel. A 3D Matrigel assay was performed as previously described (29) . Briefly, MDA-vec and MDA-hGH or RL95-2 cells were plated at 1000 cells per well in 4% growth factorreduced Matrigel™ (BD Biosciences) and 5% serum media in 96-well plates and allowed to form colonies. on day 4, rl95-2 cells were treated with 1000 nM BsA or B2036. After 24 h, the cells were treated with 0.5 µM MMc. on day 9, cell viability was determined using the Wst-1 reagent (roche).
Neutral comet assay. A neutral comet assay was performed as previously described (30) . Briefly, MDA-vec and MDA-hGH cells were treated with 3 µM MMc for 2 h and embedded in low melting temperature seaplaque Agarose (cambrex Bio Science) on GelBond film (Lonza Rockland, Inc.). The cells were lysed overnight at 37˚C in neutral lysis solution (2% sarkosyl, 0.5 M na 2 eDtA, 0.5 mg/ml proteinase K, pH 8.0) and then washed in rinse buffer (90 mM tris buffer, 90 mM boric acid, 2 mM na 2 eDtA, pH 8.5) 3 times. slides were subjected to electrophoresis in 1X tBe for 25 min at 20 V. comets were stained with 10 µg/ml propidium iodide for 20 min and rinsed in 400 ml distilled water to remove excess stain. At least 100 comet images from each slide were examined. comet tail length and tail moment were analysed using tritek cometscore software (version 1.5).
Statistics. All numerical data are expressed as mean ± seM of triplicate determinants. Statistical significance between treatment groups was determined using an unpaired twotailed t-test or a two-way analysis of variance (AnoVA; Bonferroni) using sigmaplot 11.0. All experiments were repeated at least 3 times. A single representative figure is shown.
Results
Autocrine hGH reduces mammary carcinoma cell sensitivity to treatment with MMC. to determine whether autocrine hgH reduces sensitivity to MMc we stably transfected MDA-MB-231 and t47D cells with an expression vector containing the hGH gene (MDA-hgH and t47D-hgH). For control purposes, parental cells were also stably transfected with the empty pcDnA3 vector (MDA-vec and t47D-vec). Forced expression of hgH in the MDA-hgH and t47D-hgH cells was verified at both the mRNA (Fig. 1A) and protein (Fig. 1B) levels compared with the respective control cell lines (MDA-vec and t47D-vec). Forced expression of hgH in McF-7 cells has been described previously (26) .
A dose response experiment measuring MDA-vec and MDA-hgH cell viability after treatment with MMc was performed in full serum media. At doses of MMc ranging from 1 to 40 µM, the MDA-hGH cells exhibited significantly higher cell viability than the MDA-vec cells (p<0.001; two-way AnoVA) (Fig. 2A) . After treatment with 10 µM MMc, the MDA-hgH cells exhibited 17% higher cell viability after 38 h than the MDA-vec cells (p<0.001). total cell number assays were performed in hgH-transfected stable cell lines derived from MDA-MB-231, t47D and McF-7 mammary carcinoma cells after 24 h of MMc treatment in serum-free media. Autocrine hgH significantly reduced sensitivity to MMc treatment in all three cell lines. Following MMc treatment MDA-hgH, t47D-hgH and McF7-hgH cells exhibited 41, 36.3 and 34.5% higher total cell number when compared with the respective control transfected cells, MDA-vec, t47D-vec and McF7-vec (Fig. 2B) .
In an apoptosis assay, autocrine hgH protected MDA-MB-231 cells from apoptotic cell death induced by serum deprivation (Fig. 2c) . In addition, autocrine hgH protected against apoptosis induced by MMc treatment in serum-free media. MMc-mediated induction of apoptotic cell death was 40% higher in MDA-vec cells when compared with MDA-hgH cells (p<0.05) (Fig. 2c) .
Autocrine hGH enhances clonogenic survival, anchorage independent growth and protects against DNA damage following MMC treatment. A clonogenic survival assay was used to measure the ability of MDA-vec and MDA-hgH cells to form colonies after MMc treatment. there was no significant difference in plating efficiency (PE) between the untreated MDA-vec and MDA-hgH cells (two-way AnoVA). However, after treatment with 0.5 µM MMc, the pe for MDA-hgH cells was 2.1-fold higher than MDA-vec cells (p<0.05; two-way AnoVA) indicating that autocrine hgH enhanced MDA-MB-231 clonogenic survival following treatment with MMc (Fig. 3A) .
Autocrine hgH has previously been demonstrated to enhance anchorage independent growth in McF-7 cells (18) . In the present study autocrine hgH increased the formation of colonies by MDA-MB-231 cells in a soft agar assay (Fig. 3B) . Following treatment with MMc, autocrine hgH enhanced (Fig. 3B) .
MDA-vec and MDA-hgH stable cell lines were cultured in the reconstituted basement membrane extract, Matrigel, following treatment with MMc. In a 3D Matrigel assay, autocrine hgH enhanced cell viability following MMc treatment (Fig. 3c) . MDA-vec and MDA-hgH cells were grown in 4% Matrigel and treated for 4 days with MMc. cells were examined using light microscopy, and the cell viability was quantified using the Wst-1 reagent. In both the untreated and MMc-treated wells, the MDA-hgH cells formed larger and more invasive colonies when compared to the MDA-vec cells (Fig. 3c) . After MMc treatment, a 1.72-fold increase in cell viability in the MDA-hgH cells was observed compared with the MDA-vec control cell line (p<0.05; two-way AnoVA) (Fig. 3c) .
Autocrine hgH previously was found to protect mammary and endometrial carcinoma cells from DnA damage following exposure to ionising radiation (Bougen et al, unpublished data). We, therefore, hypothesised that reducing DnA damage may also be one mechanism whereby autocrine hgH protects cells against MMc-induced cell death. A neutral comet assay, which detects DnA DsBs, was utilised to examine any differences in DnA DsB induction after MMc treatment in MDA-vec and MDA-hGH cells. No significant difference was observed in endogenous DnA DsB levels between the untreated MDA-vec and MDA-hgH cells. Following MMc treatment, the MDA-vec cells exhibited a significant increase in tail moment (defined as the product of the tail length and the fraction of total DnA in the tail) which was sustained for 6 h after treatment and returned to baseline levels after 24 h (Fig. 3D) . In contrast, no significant increase in tail moment was observed in the MDA-hgH cells after MMc treatment at any time point examined (Fig. 3D) . thus, autocrine hgH protected MDA-MB-231 cells from DnA DsBs induced by MMc treatment.
Functional inhibition of autocrine hGH sensitises RL95-2 endometrial carcinoma cells to MMC-mediated cell death and DNA damage.
Although MMc is not routinely used to treat endometrial cancer, rl95-2 cells express hgH endogenously (21) and provide a useful model to investigate the consequences of functional antagonism of hgH on MMc-induced DnA damage and repair. Functional antagonism of hgH was achieved using the hgH-receptor antagonist, B2036. B2036 is the protein component of pegvisomant ® (Pfizer) which is FDA approved for the treatment of acromegaly (31, 32) . to determine whether functional inhibition of hgH sensitises rl95-2 cells to MMc, a MMc dose response experiment was performed with rl95-2 cells pretreated with B2036. cells were pretreated with either 1000 nM B2036 or BsA (as a control) for 24 h prior to treatment with MMc in full serum media. B2036 enhanced the effect of MMc treatment at all doses tested (Fig. 4A) .
Functional inhibition of hgH utilising B2036 was previously found to significantly increase RL95-2 apoptotic cell death in serum-free conditions (21) . to determine whether B2036 treatment enhanced rl95-2 apoptotic cell death following MMc treatment, cells were pre-treated with B2036 for 24 h and then treated with MMc. treatment with MMc increased apoptotic cell death in the B2036-treated rl95-2 cells from 22.3 to 67.9% (3.1-fold increase) whereas in the control BsA-treated cells, MMc increased apoptotic cell death from 17.7 to 43.5% (2.45-fold increase) (Fig. 4B) . Furthermore, in a 3D Matrigel assay, pre-treatment of rl95-2 cells with B2036 reduced cell growth after MMc treatment by 1.4-fold (p<0.001) (Fig. 4c) .
In a neutral comet assay, B2036 significantly enhanced induction of DnA DsBs after treatment with MMc compared with the BsA-treated controls (Fig. 4D) . treatment with B2036 enhanced MMc-induced DnA damage in rl95-2 cells at all time points examined (Fig. 4D) . DnA damage was maximal at 3 h in the B2036-treated cells compared with 1 h in the control cells. the level of DnA DsBs returned to baseline following 6 h repair in control cells pre-treated with BsA. In contrast, levels of MMc-induced DnA DsBs had not returned to baseline levels at 6 h in cells pre-treated with B2036 (Fig. 4D) . thus, functional inhibition of hgH increases the sensitivity of rl95-2 cells to treatment with MMc.
Discussion
the primary cause of failure to chemotherapeutic treatment is drug resistance in tumour cells (33) . chemoresistance may be intrinsic or acquired and is most evident in advanced metastatic disease (33, 34) . Multiple mechanisms of drug resistance have been proposed including pharmacological factors, protection from induced apoptosis, an enhanced cellular capacity to repair DnA damage or to tolerate oxidative cell stress, and overexpression of drug efflux pumps thereby reducing intracellular drug concentration (33, 35, 36) . chemoresistance is a significant obstacle in the treatment of MBc, as patients are frequently heavily treated with a number of classes of chemotherapeutic agents and may have acquired resistance to multiple agents. As a second line, or salvage therapy, MMc is an attractive prospect for treating recurrent metastatic breast cancer as it is rarely used as a first line treatment, and the mechanisms of resistance to MMc have been demonstrated to be different to that of frequently used drugs such as doxorubicin and paclitaxel (37) . A number of studies have demonstrated that MMc monotherapy elicits positive responses in doxorubicin-resistant patients (38) (39) (40) (41) .
Herein, this study demonstrated that autocrine hgH reduces MDA-MB-231 cell sensitivity to the alkylating agent MMc. this may occur through reduced apoptotic cell death and through reducing DnA damage induced by MMc. In the present study we observed that autocrine hgH protected MDA-MB-231 cells from MMc-induced apoptotic cell death. this is consistent with numerous studies demonstrating that autocrine hgH promotes cell survival (18, 20, 23, 27, (42) (43) (44) (45) . We also observed that autocrine hgH protected MDA-MB-231 cells from MMc-induced DnA damage, while functional inhibition of autocrine hgH in rl95-2 cells increased MMc-induced DnA damage. Although MMc is not routinely used to treat endometrial cancer, rl95-2 cells express hgH endogenously and provide a useful model to investigate the consequences of functional antagonism of hgH on MMc-induced DnA damage and repair. We also recently demonstrated that autocrine hgH protects MDA-MB-231, t47D and rl95-2 cells from DnA damage following exposure to ionising radiation treatment (Bougen et al, unpublished data). these studies suggest that autocrine hgH may confer resistance to DnA damaging agents by reducing the induction of DnA double-strand breaks.
one mechanism by which autocrine hgH confers protection against DnA damage may be through the increase in cellular antioxidant capacity. In addition to the generation of DnA-interstrand crosslinks, MMc generates free radicals when metabolised and promotes antitumour activity via ros-dependant activation of apoptotic cell death and through the promotion of oxidative damage of DnA, including strand breaks and nucleotide modifications (2, 8) . Although oxidative cell damage was not investigated in the present study, it has previously been demonstrated that autocrine hgH protects from oxidative stress-induced cell death in McF-7 cells through regulation of a number of key enzymes involved in the cellular oxidative stress response, including catalase and superoxide dismutase 1 (42) . given that DnA damage and increased cellular oxidative stress are key effector mechanisms of specific chemotherapeutic agents, it is likely that antagonism of autocrine hGH will improve the efficacy of other chemotherapeutic regimes utilised for human mammary carcinoma.
hgH has also been implicated in the development of resistance to a number of other cytotoxic drugs (24, 25) . Autocrine hgH reduces McF-7 cell sensitivity to tamoxifen treatment in vitro (24) . this may occur through upregulated expression of the estrogen receptor gpr30 (24, 43) . gpr30 has been identified as a putative tamoxifen-resistance gene as it is not blocked by tamoxifen, unlike estrogen receptor α; paradoxically tamoxifen acts as an agonist to gpr30 signalling (43, 44) . Autocrine hgH also protects McF-7 cells from cell death mediated by a number of other cytotoxic agents, including the anthracycline chemotherapeutic agent daunorubicin (42) and doxorubicin (25) , while exogenous hgH enhances McF-7 cell viability and DnA synthesis after doxorubicin treatment (25) . conversely, functional inhibition of hgH was found to restore sensitivity to doxorubicin in McF-7 cells treated with exogenous hgH (25) .
the treatment of cancer is becoming progressively more targeted, with the emergence of small-molecule and antibody treatments. there is increasing evidence that autocrine hgH, not only plays a role in the progression of breast cancer, but that it also confers resistance to multiple classes of chemotherapeutic agents including anti-estrogens and anthracyclines (21, 24, 25, 42) . thus, a combination of strategies that functionally inhibits hgH, in conjunction with conventional chemotherapeutic agents, may enhance the efficacy of treatment regimes for breast and endometrial cancers.
